Recent evidence from leaves and stems indicates that grdients in water potential (4,) necessary for water movement through growing tissues are larger than previously assumed. Because growth is sensitive to tissue ,,and the behavior of these fates. The bulk of the water moves through the xylem to the evaporating surfaces of the leaves where it eventually is transpired. A small fraction, however, moves to the growing regions where it causes expansion growth. These two types of water movement (i.e. for transpiration and growth) are so fundamentally different that often they are separated in time and space within the plant. As a result, the gradients in 4.-associated with these processes are likely to differ in time and space as well. Yet these gradients may be interactive because conditions known to change transpiration can also change rates of growth (2, 7-9).
Water entering the plant from the soil moves along gradients in 4.'2 or its components and, in general, realizes one of two fates. The bulk of the water moves through the xylem to the evaporating surfaces of the leaves where it eventually is transpired. A small fraction, however, moves to the growing regions where it causes expansion growth. These two types of water movement (i.e. for transpiration and growth) are so fundamentally different that often they are separated in time and space within the plant. As a result, the gradients in 4.-associated with these processes are likely to differ in time and space as well. Yet these gradients may be interactive because conditions known to change transpiration can also change rates of growth (2, (7) (8) (9) .
For both kinds of water movement, the relationship between water flux and driving force in the steady state can be approxi- potential at opposite ends of the path (MPa). This relationship assumes that water moves across membranes situated along the flow path and that the reflection coefficient (a) for the solutes in the plant approaches 1 .0. For those metabolites where measurements of the reflection coefficient are available for higher plants (33), this approximation holds. The flow equation has been used by several investigators to describe transpiration-induced water potentials in mature leaves (9, 16, 26) . In each case, transpirational water movement through the plant was linearly related to the difference in A".4 between the leaves and the water source in the soil. In growing leaves, however, a different relationship occurred when water movement for growth was considered with transpiration (8, 9, 19) because larger differences in 4,. were required to move a unit ofwater for growth than for transpiration due to the lower hydraulic conductivity of the growth path than the transpiration path (8, 9) . Ray and Ruesink (28) were the first to suggest that large differences in y6,, might be required to move water through growing tissues, and using an evaporation-immersion technique, calculated differences as large as 0.25 MPa in rapidly elongating oat coleoptiles. Subsequently, significant and persistent differences in O.' between growing tissue and the water supply were measured in stems (11, 12, 22) , shoot apices (25), expanding leaves (7, 23) , root apices (30), and developing grain (3) .
These differences in 4.-may be induced by the growth process itself if continued cell wall relaxation and irreversible wall extension prevent turgor (4',,) from increasing to its maximum despite water influx (7, 29) . Since the 4',. can be considered to consist primarily ofthe sum of 4', and 4,, in the enlarging cells, 4 ', is kept low by the inability of 4p, to rise. Consequently, 4',, of the cells is maintained below that of the vascular supply and continued water movement into the expanding cells is favored. As Since water movement through the plant will occur along the paths providing the greatest driving force and the highest conductivity, the rate at which water is extracted from the transpiration stream to support expansive growth should be a dynamic process affected by the transpiration-induced water potentials of the xylem, the growth-induced water potentials ofthe expanding cells, and the conductivity of the two paths. However, the interaction between the transpiration-induced and growth-induced gradients in 4y6. has not been examined in growing tissues. For most leaf and root data, plants were grown for 2 to 3 weeks in plastic pots having a 19.5-cm top diameter and containing 1.8 kg of soil (a 2:1:1 mix of soil:peat:perlite). One week prior to sampling, the entire pot was enclosed in two opaque plastic bags to maintain a uniform soil A... Previous work showed that soil y6, was within +0.04 MPa using this technique (5) . The plastic bags were sealed tightly around the stem and a tube (1 cm i.d.) was inserted along the stem to facilitate gas exchange. For stem data, plants were grown for 6 weeks in larger plastic pails containing 12.0 kg of the same mix of soil. In some instances, leaf, stem, and root samples were obtained simultaneously from these large plants. In all cases, seeds were sown in soil saturated with Hoagland solution 1 (20) without micronutrients. Thereafter, this nutrient solution was applied twice weekly beginning at 7 d after planting. After 3 weeks of growth, the nitrate concentration was doubled to meet the increased nutrient demand of the plants during internode elongation. Between nutrient additions, water was added to the soil if the soil surface appeared slightly dry. Sufficient water was added to flush excess nutrients from the soil.
Growth Measurements. Leaves. The zone of elongation of the leaves was delimited by placing pinholes at 1-cm intervals along the length ofthe leaf. After 12 h ofgrowth, the plant was dissected and the position of the holes was determined. The elongation of a particular region of the leaf was measured as the increase in distance between consecutive holes during the growth period.
Stem Internodes. The zone ofelongation ofthe stem internodes was delimited similarly except a longer growth period (16 h) was required due to the relatively slow rate of stem elongation. Elongation of the entire internode over a 16-h period was measured as the increase in distance between two needle marks placed at the apical and basal ends of the internode.
Nodal Roots. The zone of elongation of the nodal roots was measured on individual root axes which had reached the interface between the soil and the plastic pot. Roots were exposed by inverting the plant and gently removing the pot. The apical 30 mm of several roots were marked at 5-mm intervals with an oil base ink using a fine brush. The marking procedure usually required 20 to 30 s. After marking, the pot was replaced and the plant returned to the growth chamber. After 12 h of growth, the pot was again removed and the roots inspected. Elongation was measured as the increase in distance between consecutive marks during the growth period.
Water Potential Measurements. The plant organ to be sampled was excised from the plant and rapidly transferred to a humidity box for further dissection. All Figure 1 shows that during high rates of transpiration late in the day (Late Day), a gradient in O4. could be measured in the mature tissue progressing from -0.04 MPa in the soil to -0.58 MPa in the leaf. This gradient was transpiration-induced because it became negligible at night (Predawn) when transpiration was low ( Fig. 1 ). Under these conditions, the mature cells rehydrated so that the A4,. of the mature tissue throughout the plant was nearly equilibrated with that of the soil. Water potentials measured in the growing regions of these organs also decreased along the transpiration stream during the day, but were more negative than in the adjacent mature tissue in each case. Although these water potentials returned to somewhat higher values at night, lare differences in AX. (0.31-0.35 MPa) persisted between the mature tissue and the growing regions. Thus, in contrast to the conditions in the mature tissue, the 4A.X in the growing regions of the plant did not equilibrate with that of the water supply even though adequate water was available. Therefore, several experiments were conducted to determine the nature ofthis disequilibrium and its relationship to the growth process.
RESULTS
The anatomical structure of maize generally necessitated the dissection and excision of the growing regions for measurement of 44,.. This raised the possible complication that the 4A measured in the growing regions could have resulted from cell wall relaxation and turgor loss after excision. In order to test whether the A". of excised tissues was similar to that of intact tissues, the 4,. of maize mesocotyls was monitored before and after excision in the psychrometer for intact plants ( 1). mg m-2 s-' during the day (Late Day). Plant parts that were sampled are indicated in black. Elongating regions (basal region ofleafand internode, and apical region of nodal root axis) and mature regions of the three plant organs were sampled simultaneously and from the same plant except that the mature region of the leaf was sampled in a plant 51 d old because of the extra time necessary for full maturation of the leaf blade. The location of each sample is indicated in the expanded views to the right of the plant. The data are the mean ± 1 SD of three measurements.
-0.04 ± 0.01 Figure 2 shows that elongation in the leaf was confined to the basal 5 cm or so, although lateral expansion extended to about 15 cm from the leaf base (data not shown). At night, when transpiration was minimal, the A,, of the mature, nongrowing region of the leaf blade was -0.12 MPa and in near equilibrium with the A,.' of the soil (-0.08 MPa; Fig. 2 ). However, in the elongating region at the base of the leaf, the i,,. was -0.55 MPa.
The lower potential was primarily a consequence of the low turgor generated by the expanding cells, 0.39 MPa, compared to the 1.0 to 1.1 MPa of turgor in the mature zone (Fig. 2 For the roots, elongation along the main axis was confined to the apical 1 cm (Fig. 3) . The O.-in the mature region was -0.08 MPa, which was close to the O. of the soil (-0.05 MPa; Fig. 3 In the stems, the basal internodes elongate first followed by the younger, apical internodes and, in plants 42-d-old, internodes 11 through 15 were actively elongating (Fig. 4A) . The zone of elongation of internode 12 was confined to the basal 3 to 4 cm of the internode (Fig. 4B) . The By making the measurements diurnally, we could impose various transpiration-induced water potentials and observe the response in the growth-induced water potentials. Figure 5 shows that the basic pattern of expansion growth for the fifth leaf of maize involved a rapid increase in blade length followed by an increase in sheath length, which was complete about 21 (Fig.  6A) .
In the growing region of the same leaf, the 4,, at night initially was -0.40 to -0.55 MPa, which was 0.30 to 0.40 MPa lower than in the mature leaf tip. The 4A,. gradually increased until 27 d after planting (Fig. 6B) . After this time, growth ceased and the 4',,. in the basal region of the leaf was about -0.10 MPa, which was similar to that at the mature leaf tip (Fig. 6A) . The (0) was measured as the distance from the point of leaf insertion on the stem to the leaf apex. Sheath length (0) was measured as the distance from the point of leaf insertion to the ligule. Sheath thickness (A) was measured 1 cm above the point of leaf insertion in the area adjacent to the midrib using a micrometer, and sheath width (A) was measured with a rule at the same position. Data were collected on leaf five both at the end of the dark period and at the end of the light period on consecutive days until all growth was complete. Each point is from an individual plant.
tion-induced water potentials within the developing leaf is apparent in Figure 7A which shows that, during rapid expansion growth, the ".-within the growing region of the leaf was consistently 0.30 to 0.40 MPa lower than the y6, ofthe xylem (mature leaftissue) and oscillated in concert with the xylem as evaporative demand changed diurnally (Fig. 7A ). These diurnal shifts in ', resulted in the maintenance of a fairly constant difference in A,,. between the xylem and the expanding cells over the course of the day until the leaf matured when they had similar A,,.
If transpiration effects are eliminated by comparing the 4, of the growing region and the mature tissue at night, the growthinduced water potentials, represented by the difference between the 4',, of the growing tissue and the xylem (mature tissue), were present throughout expansion growth and disappeared completely about day 27 when expansion growth was complete (Fig.  7B) . The disappearance of the growth-induced potentials was associated with a gradual increase in turgor in the cells at the base of the leaf to a value similar to that at the leaf tip.
DISCUSSION
In maize, as in other members of the Gramineae, expansion growth in the shoot occurs primarily in the 'intercalary meristem' at the base of each leaf and stem internode. As a consequence, water moving from one internode to another up the stem, or from the stem to the leaf blade, must pass through a region of comparatively immature and undifferentiated tissue. However, it has been shown that protoxylem elements are initiated early in the development of leaves and stem internodes and that functional protoxylem is present in these organs even before elongation begins (17) . Although the protoxylem vessels are generally destroyed during growth, they differentiate in succession so that some intact and functional vessels are present throughout the period of elongation. Therefore, vascular strands pass through the growing regions ofthe shoot and are functional in water transport. They must serve as the supply of water for cell expansion as well as for transpiration in the exposed stem cm from the leaf apex. The leaf base was sampled 2 cm above the leaf node in the zone ofelongation. Samples were taken at the end ofthe day (0, 0, A) and at the end of the night (e, A A) on consecutive days until all growth was complete. Each point is from one plant. The pattern of expansive growth is also shown (C) and is expressed as per cent of the maximum rate for each aspect of growth. Curves in C were generated from data in Figure 5. and leaf blade. Similarly, protoxylem elements are differentiated approximately 1 mm from the root apex (18) . Thus, functional xylem is also present in the elongating region of the roots.
We used the 4.. of the mature, nongrowing tissue measured in the steady state to estimate the ,,. of the vascular supply within the adjacent growing regions of the plant. These measurements indicated that gradients in 4i,, existed within the xylem when transpiration occurred, which is consistent with the movement of water from the soil to the evaporating sites in the leaves. The collapse of these transpiration-induced gradients at night further supports this concept, since water movement for transpiration at night was less than 1% of the transpiration rate during the day. Since the xylem supplying water for transpiration is continuous throughout the plant, the low A". ofthe growing tissues at various points along the transpiration stream must have reflected the low A". of the expanding cells outside the xylem. of the fifth leaf of maize measured at the end of the dark period (Predawn). The pattern of expansive growth is also shown (C) and is expressed as per cent of the maximum rate for each aspect of growth. Curves in C were generated from data in Figure 5 .
the expanding cells was present in all the growing regions of the plant and was restricted to these regions. This difference in 4A. was approximately 0.40 MPa during rapid growth and persisted until all aspects of expansive growth were complete. These observations support the concept that the y6 measured in growing tissues is growth-induced and that a gradient in &. within growing tissues is required to maintain water flow to the expanding cells (24).
It has been proposed (13) that the low 4w of the expanding cells outside the xylem is controlled by a high solute content within the cell walls, and that the effective disequilibrium in A.. between the xylem and the expanding cells is small (about 0.05 MPa) (13) . If true, the j. of growing tissue measured with the pressure chamber, which does not measure free-space solutes (6), should require only small pressures (about 0.05 MPa). However, the A.-of growing tissue measured in the pressure chamber are similar to those measured with the thermocouple psychrometer (7, 8) . Therefore, while some solutes undoubtedly are present in the cell wall, it is unlikely that the growth-induced-water potentials measured in this study are caused solely by wall solutes. The magnitude of the growth-induced A within the growing tissues was 0.32 to 0.43 MPa. These values are similar to those reported for stems measured with the thermocouple psychrometer ( 1, 12, 24) but larger than those reported for growing pea epicotyls (0.02-0.10 MPa) calculated from tissue diffusivities obtained using the pressure probe technique (14) . However, the calculated values were based on relatively slow growth rates (1-5% h-'), only one cell type, and a hydraulic conductivity for the cortical cells which was larger, by an order of magnitude, than those reported for most higher plant cells. Assuming a growth rate of 10% h-', which is typical for the leaves, stem internodes, and roots of maize, and a hydraulic conductivity for the cells within the growing region which is typical for higher plant cells (L4 = 1 x I0-cm s-' MPa4'), much larger gradients in AH' could easily develop during rapid expansion growth in these tissues.
The A,, of the growing regions was associated with a lower turgor than in the adjacent mature tissue. These low turgors presumably are a consequence of cell wall relaxation during growth that prevents turgor from increasing to the maximum. If so, these water potentials are induced and maintained by the growth process. As growth ceases, cell turgor increases until the O, ofthe cell equilibrates with that of the xylem. Then, turgor in this recently mature tissue is similar to that of the older mature tissue. The progressive nature of this process is evident in Figure   7B . ( -) for the root (Fig. 3) , stem (Fig. 4B) , and leaf (Fig. 2) (14) , and root (32) tissues. While such measurements have not been made in maize, these observations, in conjunction with the large gradients in A. measured in this study, suggest that the transceliular pathway for water flow may also dominate in the growing regions of maize. This implies that water moves across a series of membranes as it passes from the xylem through the cortical parenchyma ofeach organ. Ifso, the relationship between the driving force (AP-aAir) and water flow (J4) will be linear only if the reflection coefficients (a) for each membrane are uniform throughout the tissue (21) . Thus, while a linear relationship between the driving force and transpirational water flow has been observed (9, 16, 26) , the relationship between forces and flows in growing tissues may be more complex.
Diurnal changes in growth rate are often observed in growing plant tissues (1, 7, 15 (Fig. 7A) , and also has been proposed to explain the diurnal variations in the growth rate of rice leaves (15) . In the maize leaf, however, the y6w ofthe growing region changed during the day and paralleled that of the xylem in the leaf. As a consequence, the gradient in 414 driving water to the expanding cells remained fairly constant throughout the day (Fig. 7A) . This suggests that, during rapid expansion growth, the maintenance of a favorable gradient for growth occurs throughout the day in the growing regions of the plant. 
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